Adult stem cell
Introduction
The rodent incisor, the labial dentin of which is covered with enamel, grows continuously throughout the lifetime of the animals (Smith and Warshawsky, 1975) . This continuous growth is maintained by proliferation and differentiation of dental epithelial and mesenchymal cells supplied by dental adult stem cells. The epithelial stem cells are thought to reside in the labial cervical loop (laCL) of incisors, which contains the stellate reticulum (SR) region surrounded by basal epithelium. The epithelial stem cells differentiate into inner enamel epithelium (IEE) and outer enamel epithelium (OEE), and the IEE cells provide preameloblasts. The IEE cells and early preameloblasts constitute rapidly dividing transit amplifying (TA) cells that differentiate and migrate toward the incisal edge to form enamel-forming ameloblasts (Harada et al., 1999) . This special epithelial structure at the laCL is also referred to as the ''apical bud'' (Harada and Ohshima, 2004; Ohshima et al., 2005) . On the other hand, the lingual cervical loop (liCL) is much smaller than laCL and constitutes Hertwig's epithelial root sheath (HERS)-like structure harboring few epithelial stem cells.
Various signaling molecules expressed in epithelial and mesenchymal cells regulate incisor development, which include Fibroblast growth factors (FGFs), bone morphogenetic proteins, and molecules on Notch and Wnt signaling pathways Thesleff, 2003, 2009; Harada and Ohshima, 2004 ). In particular, FGFs are crucial growth factors for not only tooth development during embryogenesis but also the proliferation and differentiation of epithelial cells in adult incisors (Harada et al., 1999 (Harada et al., , 2002 . The expression of FGF3 is restricted in the mesenchyme surrounding the laCL in adult incisors, whereas FGF10 is expressed at a higher level in the mesenchyme beneath laCL than liCL (Harada et al., 1999; Wang et al., 2007) . They act through the receptor, FGFR2, on the dental epithelium. Tissue-specific ablation of FGFR2 in adult mice led to impaired incisor growth, failure of enamel formation and decreased proliferation of TA cells (Lin et al., 2009; Parsa et al., 2010) . Shh, a member of the vertebrate Hedgehog family, is another important signaling required for the mouse incisor formation and maintenance, and the expression of Shh in TA cells is regulated by FGFR2 (Dassule et al., 2000; Seidel et al., 2010) . The inhibition of Shh signaling prevents the proliferation and differentiation of ameloblast lineage cells from the stem cells .
Bcl11b/Ctip2 encodes a transcriptional repressor that plays critical roles in the development of many different tissues, including thymus, skin, central nervous systems, and teeth (Wakabayashi et al., 2003; Golonzhka et al., 2007; Arlotta et al., 2008; Golonzhka et al., 2009 ). Studies of embryonic tooth development in Bcl11b KO/KO mice exhibit a developmental tooth defect due to the inappropriate differentiation of ameloblasts (Golonzhka et al., 2009) . Further study showed that Bcl11b directly or indirectly regulates the expression of FGFs in mandibular incisors (Kyrylkova et al., 2012) . Bcl11b expression is observed in not only embryonic tooth tissues but also in adult teeth. Therefore, Bcl11b may play a role in maintenance of growing incisors in adult mice. As for the Tcell development, Bcl11b regulates differentiation of immature thymocyte subsets in the thymus and also mature T cells in peripheries (Kominami, 2012 (Fig. 1A) . Phenotypes of the mutant mice at postnatal day 21 (P21) were mostly analyzed because mouse incisors and molars are formed until 3 weeks after birth. Bcl11b S826G/KO mice at P21 showed a midface hypoplasia and relatively overgrown mandibular incisors that reached the nose (Fig. 1B) . Those mice normally died around this age due to the difficulty in taking food because of elongated incisors in the mandible. However, cutting the elongated incisors and supplying small-sized food materials helped them take food and survive. This incisor elongation is probably due to lack of the attrition counterbalancing the mouse incisor growth. Consistently, 3D micro-CT scans of the skulls of Bcl11b S826G/KO mice revealed that a length of the anterior cranial base or maxillary bone was significantly shorter than that of control Bcl11b
WT/ WT or Bcl11b WT/KO mice (Fig. 1C) , indicating the inability of lower incisors to engage with the upper incisors, resulting in severe anterior cross-bite phenotype. The maxillary incisors were slender and exhibited chalky white in most of Bcl11b S826G/KO mice at P21, suggesting that the maxillary incisors of Bcl11b S826G/KO mice are hypoplastic.
To further characterize this hypoplasia, we assayed the elemental mapping of calcium (Ca), phosphorus (P) and ferrum (Fe) in incisors by EPMA analysis (Fig. 1D) . Concentrations of Ca and P in both enamel and dentin of Bcl11b S826G/KO mice were lower than those of control mice, and Fe deposition in the enamel was also lower (Fig. 1D, Supplementary Fig. 2 ). These data indicate the immaturity of the upper incisors in Bcl11b S826G/KO mice, accompanying malformation of the maxillary bone. Such abnormality was not observed in the mandibular incisors (data not shown). These results suggest that decreased Bcl11b activity affects mouse maxillary incisor homeostasis.
Bcl11b expression and histological changes
Bcl11b is expressed in preameloblasts (PA) cells and weakly in IEE cells of ameloblast-lineage cells in maxillary incisors ( Fig. 2A) . It is also observed in cells in OEE, SR and dental follicle (DF) in laCL, but not in odontoblasts or dental papilla (DP) in the mesenchyme ( Fig. 2A, a-d ). Epithelial cells in the liCL also express Bcl11b ( Fig. 2A, e) . Fig. 2B shows comparison of laCL between control and Bcl11b S826G/KO mice. The proximal end of cell region containing enamel was nearer to CL in Bcl11b S826G/KO incisors than controls. This may be a cause of the lower concentrations of Ca and P in enamel and dentin. Less-polarized and shortened odontoblasts of laCL were also observed in Bcl11b S826G/KO incisors (Fig. 2B , c, f, asterisks and Supplementary Fig. 3B ). The shortened odontoblasts could be a reflection of the early onset of ameloblast differentiation via their interactions. On the other hand, the liCL exhibited no obvious abnormality of epithelial cells in Bcl11b S826G/KO mice.
Differentiation of ameloblast-and odontoblastlineage cells
We examined expression of three ameloblast markers, amelogenin, enamelin and ameloblastin in P21 maxillary incisors (Fig. 3A) . The proximal ends of region expressing the ameloblast markers were shifted toward CL in Bcl11b S826G/KO incisors relative to controls, and their expressions were stronger than controls. The shortened IEE/PA region may be due to the decrease in TA cell proliferation or possibly the accelerated differentiation of TA cells to ameloblasts.
We also examined the odontoblast (OB) markers of Nestin and Dsp (Ritchie et al., 1996) (Fig. 3B) . Nestin, a member of the intermediate filament family, was expressed in fully differentiated odontoblasts at the vicinity of dentin in P21 control mice, especially in the bottom of their cellular processes. In Bcl11b S826G/KO incisors, however, the end of expression region was shifted toward CL and the expression within odontoblasts was localized in the bottom of odontoblast processes (Fig. 3B , a, c). In situ hybridization for Dsp showed a similar shift toward CL (Fig. 3B, b, d ). These data indicated the shortening of immature odontoblast region in P21 Bcl11b S826G/KO incisors. 
Proliferation of ameloblast-and odontoblast-lineage cells
The hypoplastic phenotype of Bcl11b S826G/KO incisors may be related to the number of proliferating cells. Thus, we examined the Ki-67 proliferation marker and BrdU incorporation in P21 and P5 mice ( Apoptosis may be another factor contributing to hypoplasia of the upper incisors in Bcl11b S826G/KO mice. We carried out TUNEL staining for apoptotic cells in the laCL of incisors. Difference was not observed between control and Bcl11b S826G/KO mice ( Supplementary Fig. 4 ).
Stem cell distribution in adult maxillary incisors
Label retaining cells (LRCs) were identified in the laCL of incisors by giving neonatal mice repeated injections of BrdU (Harada et al., 1999; Seidel et al., 2010) . Although the label retention is simply a marker of the proliferative history of a cell, LRCs represent a subset of tissue stem cells because of retaining the label over a long period of time (Braun and Watt, 2004) . To address the LRC number and their distribution in laCL of Bcl11b S826G/KO incisors, we injected BrdU repeatedly into the abdominal cavity of P3 mice and harvested incisor tissues in P21 mice (Fig. 5A ). In control wild-type mice, BrdU immunostaining showed that LRCs were exclusively distributed in the area covering laCL and the mesenchyme between laCL and liCL ( Bcl11b expression is strongly detected in cells of the outer enamel epithelium (OEE), dental follicle (DF), preameloblast (PA), the OEE side of laCL, and liCL. Weak expression is detected in cells of the inner enamel epithelium (IEE), the IEE side of laCL, and matured ameloblasts. Note that Bcl11b expression is not detected in dental papilla (DP) and odontoblast (OD). (B) H&E staining for sagittal paraffin sections of P21 control Bcl11b WT/KO (a-c) and
Lower magnifications of maxillary incisors (a and d), higher magnifications of laCL (b and e) and enamel secretory stage (c and f) are shown. Bcl11b S826G/KO mice exhibit smaller laCL and shorter region from the proximal end of laCL to preameloblasts. In the region starting enamel secretion (c and f), the cell density of ameloblasts is lower in Bcl11b S826G/KO mice and the height of odontoblast is also lower. Bars, 100 lm.
of LRCs was lower, though the LRC distribution did not much differ. This decrease of LRCs in Bcl11b S826G/KO mice suggests a decrease in the stem cells and could be a cause of the retardation of adult Bcl11b S826G/KO incisors and laCL.
Bcl11b and b-catenin expression in adult maxillary incisors
Bcl11b expression in laCL was compared between control and Bcl11b S826G/KO incisors in P21 mice. The distribution of Bcl11b expressing cells in laCL differed between them (Fig. 6A, a-d ). Bcl11b-positive cells in the TA region were closer to the proximal end of laCL in Bcl11b S826G/KO incisors, and overlapped the end and most parts of the SR region. This different distribution of Bcl11b-positive cells was also detected in P5 mice ( Supplementary Fig. 5 ). There are many candidate target genes of Bcl11b that have been reported (Kominami, 2012) . One is the b-catenin gene (Go et al., 2010) that is a member on Wnt/b-catenin signaling pathway essential for the tooth development in multiple stages (Jarvinen et al., 2006; Wang et al., 2009 ). Thus we examined b-catenin mRNA expression by in situ hybridization (Fig. 6B) . The mRNA was detected in the IEE and PA flanking to the SR and its neighboring mesenchymal cells in control laCL, and this expression was distinct in locations from that of Bcl11b. The Bcl11b S826G/KO laCL showed b-catenin mRNA in the region covering the IEE/PA and the proximal end of laCL, and an increase in the level of mRNA expression. Consistent expression of b-catenin protein was detected in the proximal end of Bcl11b S826G/KO laCL (Fig. 6C) . We examined other targets, p57 and p27, cell-cycle inhibitors, which are also known to function in hematopoietic stem cell quiescence (Fig. 6D , Matsumoto et al., 2011; Zou et al., 2011) . The control laCL showed the expression of p57, but not p27, and the p57 expression was mainly observed in SR and OEE regions. In contrast, Bcl11b S826G/KO incisors exhibited both p57 and p27 expressions that were stronger than controls and closer to the proximal end of laCL. These results suggest that attenuated Bcl11b activity influences the structure of laCL and locations of Bcl11b-, b-catenin-, and p57-expressing cells in laCL.
We examined the effect of the Bcl11b S826G substitution on the repressor activity of Bcl11b with the in vitro assay using a mouse dental epithelial cell line, mHAT-9a, originating from the laCL of mouse incisor (Harada and Ohshima, 2004) . We constructed the promoter-driven luciferase reporter plasmid of three different genes, b-catenin, p27, and HDM2-P2 (Cismasiu et al., 2005; Topark-Ngarm et al., 2006; Obata et al., 2012) . Expression plasmids of wild-type Bcl11b, S826G, and two loss-of-function mutations (del Z4-6 and K604T) were transfected into mHAT-9a cells, together with each reporter plasmid. The del Z4-6 and K604T mutants showed similar luciferase activities to control pcDNA3.1, whereas wild-type Bcl11b showed significant decreases for all three promoters (Fig. 6E) . Interestingly, the S826G reduced the repressor activity for b-catenin and p27 but the levels were weaker than wildtype Bcl11b. HDM2-P2 promoter was not affected by this substitution. The result suggests that the Bcl11b S826G substitution than control Bcl11b WT/KO incisor at P21 mice, but not marked at P5 mice. Bars, 100 lm.
gives a hypomorphic allele and differently acts for different Bcl11b target genes.
Shh pathway and FGF3 expression in adult maxillary incisors
Shh and FGF3 are required for incisor growth and maintenance (Dassule et al., 2000; Seidel et al., 2010) . We performed in situ hybridization for Shh and also Ptch1 and Gli1, downstream indicators of Shh (Fig. 7A-C, E-G) . Consistent with previous results (Dassule et al., 2000; Seidel et al., 2010) , Shh was strongly expressed in control TA cells, with a decrease in the gradient as cells occupy higher positions toward the ameloblast region. As for Bcl11b S826G/KO incisors, the gradient of , enhanced expression of Gli1 was detected in the enamel epithelium including the tip of laCL. FGF3 expression did not change in those mesenchymal cells though the expression area was also limited (Fig. 7D  and H) . The smaller area of expression seemed to be in parallel to the areas observed in Ptch1 and Gli1 expressions as described above, probably reflecting the shortened TA region in Bcl11b S826G/KO incisors. Taken together, these results suggest that Bcl11b S826G/KO incisors retain the Shh signaling pathway and FGF3 expression, though their expression areas were more limited than in control incisors. incisors at P21 mice, but not marked at P5 mice. Bars, 100 lm. Error bar, ±SD (n = 3, 4). * p < 0.05, ** p < 0.001.
Discussion
entiation into mature ameloblasts between the labial and lingual IEE cells; Bcl11b promotes the differentiation in the labial IEE cells but blocks the lingual IEE cells (Kyrylkova et al., 2012) . We also confirmed the loss of labial/lingual asymmetry in Bcl11b KO/KO mice (data not shown). Interestingly, however, Bcl11b S826G/KO mice attained this asymmetry. This indicates that the attenuated Bcl11b activity in Bcl11b S826G/KO mice is enough to attain the asymmetry.
Stem cells and progenitors in maxillary Bcl11b

S826G/KO incisors
The laCL region harbors the epithelial stem cells and their niche. LRCs, a subset of the epithelial stem cells, were detected in the proximal area of laCL, in parts of OEE and SR. The number of LRCs was decreased in Bcl11b S826G/KO incisors.
The decreased LRC number may be a cause of the hypoplasia of laCL through the less supply of TA cells. Ki67-positive and BrdU-positive cells were observed in IEE cells in both control and Bcl11b S826G/KO incisors, but the number of the proliferating cells was decreased in Bcl11b
incisors. The number of proliferating cells was also decreased in the dental papilla in Bcl11b S826G/KO incisors, in parallel to shortening of the odontoblast region. The TA cell change in laCL may affect these decreases via the epithelial-mesenchymal signaling loop (Klein et al., 2008) . The decrease in the number of proliferating cells may be another cause of the hypoplasia. Bcl11b is expressed in cells of ameloblast lineage, so that Bcl11b is cell-autonomously required in the TA cells.
These results suggest that Bcl11b contributes to the supply of TA cells from stem cells or differentiation and proliferation of TA cells or both.
FGF and Shh signalings
FGFs and FGFR2 play key roles in the proliferation and differentiation of epithelial cells in adult incisors (Harada et al., 1999 (Harada et al., , 2002 Lin et al., 2009; Parsa et al., 2010) . Tissue-specific ablation of FGFR2 in the dental epithelium led to impaired incisor growth, lack of enamel formation and decreased proliferation of TA cells (Lin et al., 2009; Parsa et al., 2010) . FGFR2 regulates Shh expression in TA cells (Dassule et al., 2000; Seidel et al., 2010) , and the inhibition of Shh signaling prevents the proliferation and differentiation of ameloblast lineage cells The recently published paper by Kyrylkova et al. (2012) has analyzed embryonic mandibular incisors in Bcl11b KO/KO mice.
They have shown changes in FGF and Shh signaling and conclude that Bcl11b is intimately involved in the FGF epithelialmesenchymal signaling loop during embryonic development. However, analysis of adult maxillary incisors in our study did 
Bcl11b
S826G substitution on the repressor activity of Bcl11b for b-catenin, p27 and HDM2-P2 promoters. Bcl11b expression plasmids of WT, S826G, and two loss-of-function mutants (K604T and del Z4-6) were transfected into mHAT-9a cells, together with each promoter-driven luciferase reporter plasmid. The S826G substitution significantly reduced the repressor activity of Bcl11b for b-catenin, p27 and HDM2-P2 promoters. On the other hand, compared to the repressor activity of the del Z4-6 lossof-function mutation, the S826G substitution retained the repressor activity for b-catenin and p27 promoters but lost it for HDM2-P2 promoter. Error bar, ±SD (n = 3). * p < 0.05, ** p < 0.001. Expressions of Ptch1, Gli1 and FGF3 are also increased in Bcl11b S826G/KO mice but more restricted in the dental pulp region. In
, enhanced expression of Gli1 was detected in the enamel epithelium including the tip of laCL. Bars, 100 lm.
not show marked changes in FGF and Shh expression as described. We only observed changes in FGF and Shh expression areas in Bcl11b S826G/KO mice. Therefore, we infer that FGF and Shh expressions act in different manners between embryonic and adult stages.
Possible Bcl11b function in incisor development
Bcl11b is a transcriptional repressor that is expressed in many different tissues including thymocytes and cells of ameloblast lineage. Lack of this gene in mice resulted in differentiation arrest and apoptosis of thymocytes at the CD4/ CD8 double-negative stage (Wakabayashi et al., 2003) and a developmental defect in teeth (Golonzhka et al., 2009; Kyrylkova et al., 2012) . Intriguingly, the introduction of Bcl11b into Bcl11b-lacking immature thymocytes in vitro restores the differentiation and proliferation of those thymocytes, indicating its role as a master regulator in thymocyte maturation (Ikawa et al., 2010) . On the other hand, conditional ablation of Bcl11b at the CD4/CD8 double-positive stage inhibited further differentiation to CD4-single positive or CD8-single positive thymocytes in adult mice (Albu et al., 2007) . This, together with the hypoplasia of laCL in Bcl11b S826G/KO adult mice, suggests that Bcl11b plays roles in differentiation in different tissues such as thymocytes and incisor epithelial cells. It remains open, however, how Bcl11b affects maintenance of cells of ameloblast lineage. Bcl11b protein is a component of NuRD complex, a huge transcriptional co-repressor, which modifies the transcription of various genes, such as p27, p57, b-catenin, MDM2 and Msx2 (Cismasiu et al., 2005; ToparkNgarm et al., 2006; Golonzhka et al., 2009; Obata et al., 2012) . We demonstrated repressor activity of Bcl11b for p27 and b-catenin in the amelobalast-derived cell line. p27 and p57 are cell-cycle inhibitors, which are known to function in hematopoietic stem cell quiescence (Matsumoto et al., 2011; Zou et al., 2011) . We observed the increase in p27 and p57 expressions in the proximal end of laCL and also changes in the position of their expressing cells in Bcl11b S826G/KO incisors.
Overlapping of p27/p57 expressing cells and LRCs suggests decreases in proliferation of ameloblast stem cells and/or the supply of TA cells from stem cells. We also observed the increase in b-catenin expression and changes in the position of their expressing cells. Since Wnt/b-catenin signaling affects tooth development in multiple stages (Jarvinen et al., 2006; Wang et al., 2009) , these changes are interesting, but it remains open how b-catenin influences differentiation of ameloblast-lineage cells. Further study is required for this issue and the relation of Bcl11b to Shh and FGF3 signalings.
Experimental procedures
Mice
Bcl11b knockout mice used in this study have been previously described (Wakabayashi et al., 2003) . Bcl11b
WT/S826G mice arose from the ENU mutagenesis program at RIKEN (Gondo, 2008) . Mutations were generated by injection N-ethyl-N-nitrosourea (ENU) into C57BL/6 males. F 1 progenies were screened for Bcl11b mutations by sequencing. The Bcl11b WT/S826G mice bearing a point mutation leading to S at the amino acid position 826 converted to G, and their colony was maintained on C57BL/6 background. Bcl11b S826G/KO mice were obtained by mating Balb/c-Bcl11b WT/KO mice with C57BL/6-Bcl11b
mice. Bcl11b WT/WT and Bcl11b WT/KO littermates were used for control in all experiments. The mice used in this study were maintained under specific pathogen-free conditions in the animal facility of Niigata University. All animal experiments complied with the guidelines for animal experimentation from the University animal ethics committee. For BrdU labeling, mice were injected intraperitoneally with 1 mg/30 g body weight of BrdU (Sigma) in PBS 2 h before sacrifice. The data shown in each experiment was obtained from three to five independent mice.
MicroCT analysis
Micro-computed tomography (microCT) scanning was conducted on an ELE SCAN (Nittetsu Elex, Japan) to examine the morphological differences of the craniofacial skeletons and teeth between Bcl11b
WT/S826G and Bcl11b S826G/KO mice at P21. Heads were placed in a consistent rostralcaudal orientation to enable the imaging of the incisors in an informative orientation. The CT settings were as follows: pixel matrix, 300 · 300 · 300; slice thickness, 60.54 lm; projection number, 900; magnification, 1.51·; voltage, 47 kV; electrical current, 76 lA. The heads were reconstructed using a software program (Tri3D Bon 64, Ratoc System Engineering, Japan) to evaluate the three-dimensionally and sagittally reconstructed views of Bcl11b WT/S826G and Bcl11b S826G/KO teeth with their surrounding bone.
EPMA analysis
An electron probe microanalyzer (EPMA) (EPMA-8705, Shimazu, Co. Ltd, Kyoto, Japan) was used for the elemental mapping of Ca, P and Fe. Undecalcified P21 maxillae were rinsed in 0.1 M cacodylate buffer (pH 7.4) for a couple of days, subsequently dehydrated in an ascending series of acetone, and embedded in Epon 812 (Taab, Berkshire, UK). The samples were ground down until the exposure of an appropriate transverse plane, and were used for chemical elements analysis using an EPMA. The EPMA settings were as follows: spot size, 1.5 lm; pixel matrix, 512 · 512; voltage, 15 kV; electrical current, 0.025 lA. The data on the point measurements were relatively transferred into the various colors according to the mineral concentration of the mineral.
4.4.
Tissue preparation and histological examination Animals were anesthetized by an intraperitoneal injection of chloral hydrate and transcardially perfused with physiological saline followed with 4% PFA in a 0.1 M phosphate buffer (pH 7.4) and were fixed overnight at 4°C in the same fixative. Following decalcification in 4.13% ethylenediamine tetraacetic acid disodium salt (EDTA-2Na) solution for 4 weeks at 4°C or Morse's solution for 2 days at 4°C, some jaws were dehydrated and embedded in paraffin. Sagittal sections were cut at a thickness of 4 lm, mounted on MAS-coated glass slides (Matsunami Glass, Osaka, Japan), and stained with hematoxylin and eosin (H&E).
Immunohistochemical analysis
Tooth tissues, sectioned as described above, were deparaffinized and hydrated through a xylene and graded alcohol series. The immunohistochemistry for amelogenin (1:200, Santacruz sc-3309), enamelin (89 kDa; 1:1000) (Uchida et al., 1991) , nestin (1:50, Chemicon International, Temecula, CA), Bcl11b (1:200, abcam ab184655), Ki-67 (1:200, DAKO M7249), BrdU (1:200, abcam ab6326), Active-b-catenin (1:300, Millipore 05-665), p57 (1:100, Santacruz sc-8298), p27 (1:400, Santacruz sc-527) were performed using the N-Histofine simple stain MAX PO kit (Nichirei) or ABC staining kit (Vector) following the manufacturer's instructions. A solution of 0.5% skim milk in 0.01 M PBS (pH 7.4) was used to dilute the antibodies and rinse the sections. Endogenous peroxidase was inactivated by treatment with 0.3% H 2 O 2 in absolute methanol for 30 min. All non-specific immunoreactivity was inhibited by pre-incubation in 5.5% skim milk. For the final visualization of the sections, 0.05 M Tris-HCl buffer (pH 7.6) containing 0.04% 3-3'-diaminobenzidine tetrahydrochloride and 0.002% H 2 O 2 was used. The immunostained sections were counterstained with hematoxylin. Immunohistochemical controls were performed by: (1) replacing the primary antibodies with non-immune serum or PBS; (2) omitting the secondary antibody or ABC complex. These immunostained sections contained no specific immunoreaction. For immunofluorescence, anti-Rat conjugated to Alexa Fluor 546 (1:1000, Invitrogen) was used.
4.6.
In situ hybridization
In situ hybridization was carried out as previously described (Nakatomi et al., 2006) . Essentially, sections were deparaffinized through xylene and ethanol series and rehydrated in PBS, followed by Proteinase K treatment (final concentration 10 lg/ml in PBS) for 10 min and neutralization by glycine (final concentration 2 mg/ml in PBS) for 10 min. Then the sections were post-fixed with 4% PFA for 20 min, acetylated with acetic anhydride in a solution containing triethanolamine and HCl for 10 min, and hybridized at 70°C overnight with digoxigenin-labeled probes for ameloblastin, Dsp (Ritchie et al., 1996) , Shh, Ptch1, Gli1, b-catenin prepared according to the manufacturer's protocol. On the second day, the sections were washed with SSC solution (sodium citrate and sodium chloride) and TBS solution (Tris-Cl pH 7.6 and sodium chloride) and stained with 4-nitro-blue-tetrazolium (NBT)/5-bromo-4-chloro-3-indolyl-phosphate (BCIP) (Roche Diagnostics Corporation, Indianapolis, IN, USA) dissolved in a solution containing 10% w/v polyvinyl alcohol (Sigma-Aldrich, St. Louis, MO, USA), 100 mM Tris-HCl (pH 9.6), 100 mM NaCl, and 5 mM MgCl 2 .
4.7.
Plasmid construction, cell culture, transfection and luciferase assays
Plasmid construction and transfection were performed as described previously (Obata et al., 2012) . Briefly, wild-type Bcl11b coding sequence and Bcl11bS826G mutant sequence were cloned into pcDNA3.1 (Invitrogen). Other two mutations (K604T and del Z4-6) were used as references that were detected in mouse thymic lymphomas (Wakabayashi et al., 2003) . p27, b-catenin and HDM2 promoter HDM2 P2 promoter fragments were inserted into the NheI and HindIII sites of pGL3-Basic plasmid (Promega).
A mouse dental epithelial cell line, mHAT-9a cells, originating from the apical bud of mouse incisor (Harada and Ohshima, 2004) , were maintained in DMEM/Ham's F12 medium (Invitrogen Corporation, Carlsbad, CA, USA) with 20 ng/ ml EGF (R&D Systems, Minneapolis, MN, USA), 25 ng/ml FGF2 (R&D Systems), and 1% penicillin-streptomycin (Gibco BRL, Grand Island, NY, USA) in air at 37°C. Cells were seeded at a density of 2 · 10 5 cells/12-well plate. Plasmid DNA expressing normal or mutated Bcl11b (K604T, del Z4-6 and S826G) were transfected the next day, together with p27, bcatenin or HDM2 promoter-driven Photinus pyralis luciferase reporter plasmid. All transfections were performed with Fu-GENE 6 Reagent (Roche) according to the manufacturer's instructions. Cells were lysed after 24 h using luciferase lysis buffer (Toyo Ink), and luciferase activities were measured using the Dual-luciferase-reporter system according to the manufacturer's instructions. Transfection efficiency in luciferase reporter assays was controlled and normalized by including a constant amount of TK-Renilla reniformis luciferase reporter plasmid in all transfections. The data shown were of three independent triplicate experiments as the mean ± SD of the ratio between the Photinus and Renilla reporters.
